Background & Aims-Alcohol abuse is a major cause of liver injury. The pathologic features of alcoholic liver disease develop over prolonged periods, yet the cellular defense mechanisms against the detrimental effects of alcohol are not well understood. We investigated whether macroautophagy, an evolutionarily conserved cellular mechanism that is commonly activated in response to stress, could protect liver cells from ethanol toxicity.
Introduction
Alcohol is widely consumed around the world. While a moderate use of alcohol may be beneficial to human health, excessive drinking, whether in a binge or chronic fashion, can lead to considerable health concerns. Binge drinking can cause acute glycogen depletion, hypoglycemia and acidosis in addition to behavioral and psychological changes 1 . At the cellular level, binge drinking results in mitochondria damage, generation of free radicals, inhibition of insulin signaling, and steatosis, although cell death is usually minor unless other susceptibility factors exist [2] [3] [4] [5] [6] [7] . In chronic ethanol abuse, the histological manifestation of the liver injury can progress from steatosis to focal inflammation, focal necrosis, fibrosis and cirrhosis, resulting in alcoholic liver disease 1, 2, 5 .
Ethanol pathogenesis is contributed by multiple factors 1, 2, 5, 7, 8 . Early events such as mitochondrial damage, ROS generation and steatosis seem to be the direct outcome of ethanol metabolism, which are common features of acute and chronic alcohol exposure. While greater efforts have been spent on the understanding of these mechanisms, little is known about the cellular protective mechanism against the detrimental effects of ethanol. We hypothesized that a cellular protective response to ethanol exposure is critical to the control of ethanol-induced liver pathology.
Among the potential protective mechanisms, we investigated whether macroautophagy could play a role in limiting ethanol-induced liver injury. Macroautophagy (hereafter referred to as autophagy) is a bulk intracellular degradation system responsible for the degradation of macromolecules and subcellular organelles 9 . Autophagy involves the formation of double-membraned autophagosomes, which envelop the substrates and fuse with the lysosomes for degradation. More than thirty Atg genes have been defined in yeast that participate in autophagy, many of which have mammalian homologues 9 . The functions of Atg8/LC3, Atg7, and Atg6/Beclin 1 are among the best characterized in mammalian cells. The Atg6/Beclin 1 forms a complex with the Class III phosphoinositide 3-kinase (PI3K) complex, VPS34 and VPS15, which leads to autophagy specific generation of phosphatidylinositol-3-phosphate (PtdIns3P). PtdIns3P is required for a series of events that ultimately contributes to the conjugation of Atg8/LC3 to phosphatidylethanolamine (PE) at the autophagosomal membranes, which also requires Atg7. PE-conjugated Atg8/LC3, also known as LC3-II (in contrast to the unlipidated LC3-I), is important in autophagosome formation 9 .
Autophagy is now known to be widely involved in the pathogenesis of many diseases and is activated under a variety of stress conditions. Autophagy seems to constitute an effective cellular defense system against multiple pathological insults. Thus, we investigated whether autophagy is activated in response to ethanol exposure and whether it plays a key role in mitigating ethanol-induced pathology. Using an ethanol binge model and primary hepatocyte culture in which the ethanol-induced early pathological events are well defined, we determined that ethanol could induce a selective autophagy process in primary hepatocytes dependent on its metabolism, ROS production and mTOR inhibition. Furthermore, autophagy protects hepatocytes against the detrimental effects of ethanol likely by removing damaged mitochondria and accumulated lipid droplets.
Materials and Methods

Animals experiments
Wild type C57BL/6 mice and GFP-LC3 transgenic mice 10 were used in this study. All animals received humane care. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Ethanol binge was conducted as previously described 11 . This model was designed to achieve blood alcohol levels, behavioral effects, and physiological effects comparable to human binge drinking. After 6 hours of fasting, male mice were given 33% (v/v) ethanol at a total accumulative dosage of 4.5 g/kg body weight by four equally divided gavages in 20-minute intervals. Control mice received the same volume of water. For autophagy inhibition or induction, chloroquine (CQ, 60 mg/kg) or rapamycin (2 mg/kg) were given (i.p.) to the mice 30 minutes before the administration of ethanol. Mice were analyzed 16 hours later. For inhibition of Atg7 expression in murine livers, siRNA (see supplemental information) was injected (0.7 nmol/g) through the tail vein using the hydrodynamic technique. Forty-eight hours later, the mice were subjected to the ethanol treatment.
Cell culture
Murine hepatocytes were isolated and cultured as previously described 12 . After initial culture in William's medium E with 10% FCS for attachment, cells were cultured in serumfree William's medium E overnight before treatment. HepG2 and VL-17A cells 13 were maintained in DMEM with 10% FCS and other standard supplements. Ethanol and the following chemicals were applied as indicated in the figure legends: 3-MA (10 mM), CQ (10 µM), rapamycin (10 µM), 4-MP (4 mM), MnTBAP (1 mM) and NAC (20 mM).
Microscopic analysis
Cells (2 × 10 5 /well in 12-well plate) were infected with adenoviral GFP-LC3 overnight or loaded with MitoTracker Red (50 nM) for 15 minutes before other treatments. Apoptotic cell death was determined by nuclear staining with Hoechst 33342 or TUNEL staining. Cryosection of GFP-LC3 transgenic livers were performed as previously described 10 . Sections were stained with Bodipy 581/591-C11 (1 µM) or Bodipy 493/503 (0.1 µM) for 15 minutes before analysis. All fluorescence images were digitally acquired with an Olympus Fluoview 1000 confocal microscope. Electron microscopy was conducted with standard procedures using a JEM 1016CX electron microscope.
Biochemical analysis
Serum ALT level was determined using a kit from Biotron Diagnostics (Hemet, CA). Hepatic triglyceride was determined as in reference 14 . Caspase-3 activity was determined using Ac-DEVD-AFC as the substrate 12 . For inhibition of Beclin 1 expression in VL-17A cells, siRNA (see supplemental information) were transfected into VL-17A cells at the concentration of 0.12 µM per 1×10 6 cells using Oligofectamine. Cells were subjected to other treatment 36 hours later. Densitometry of LC3-II and p62 bands was conducted and the values were normalized to the loading control (β-actin or LAMP1) and then converted to relative units to the untreated control. Autophagy flux was conducted as described in Table  S1 . Long-lived proteins degradation assay was performed as described previously 9, 15 .
Statistical analysis
Quantitative data are subjected to one way ANOVA with Holm-Sidak analysis, Student's t test or z test where appropriate using SigmaStat 3.5 (Systat Software, Inc., San Jose, CA),
Results
Acute ethanol exposure induced autophagy
Activation of autophagy by ethanol was first examined in GFP-LC3 transgenic mice 10 . Binge ethanol treatment induced a significant elevation of GFP-LC3 puncta in the liver (Fig.  1A-B) , which represented autophagosomes. Immunoblot analysis confirmed the increase of the membrane-associated PE-conjugated form of GFP-LC3 (GFP-LC3-II) and the endogenous LC3 (LC3-II) in ethanol-treated livers (Fig. 1C-D) . The lipidated LC3 was particularly enriched in the LAMP1-positive heavy membrane fraction, where the lysosome was located, reflecting its destination as the autophagosome fused with the lysosome to form the degradative autolysosomes. Importantly, electron microscopic (EM) analysis indicated an apparent accumulation of autophagosomes following ethanol treatment (Fig. 1E-F) , which could be suppressed by siRNA-mediated knockdown of Atg7 (see below).
Pre-treatment of mice with the lysosome-inhibitor chloroquine (CQ) further increased the levels of GFP-LC3 puncta (Fig. 1A-B) , the LC3-II form (Fig. 1D) , and the number of autophagosomes (Fig. 1F) , suggesting that at least a portion of autophagosomes resulted from this elevation was degraded in the lysosome. The appearance of the single GFP moiety (Fig. 1C) , due to the breakdown of GFP-LC3, and the reduction of p62/SQSTM1 (Fig. 1D) , a selective autophagy adaptor molecule that brings ubiquitinated autophagy substrates to autophagosomes for degradation together 9, 16 , in the ethanol-treated livers would also support an enhanced autophagic degradation by ethanol. Indeed, detailed flux analysis (Table S1 ) indicated that there was not only an apparent increase in autophagosome synthesis, but also an increased autophagic degradation based on changes in GFP-LC3 dots (Fig. 1B) , autophagosome number (Fig. 1F ), and LC3-II level in the heavy membranes (Fig.  1D ). Such analysis with LC3-II in the total lysates still indicated an increase in synthesis, but not in degradation, perhaps due to a lower enrichment of LC3-II in the total lysates than in the heavy membranes as mentioned above, which reduced the sensitivity of the assay.
We next examined the effect of ethanol on cultured primary hepatocytes. Consistent with the in vivo observations, ethanol treatment in vitro also caused a dose-dependent increase in GFP-LC3 puncta ( Fig. 2A-B ), LC3-II formation (Fig. 2C) , and the formation of more and larger autophagosomes (Fig. S1 ). LC3 punctation was suppressed by 3-MA ( Fig. 2A, D) , an inhibitor of the Class III PI3K, VPS34. Conversely, these changes could be enhanced by the co-treatment with CQ ( Fig. 2A, E ). Flux analysis (Table S1 ) indicated an increased autophagosome synthesis based on both GFP-LC3 puncta and LC3-II levels, although the increased degradation was only evident based on the level of GFP-LC3 puncta, but not based on the LC3-II level in the total lysate, likely due to the same reason discussed above.
To further look into the ability of ethanol to promote autophagy degradation, we examined whether it could affect the clearance of long-lived proteins, commonly associated with the general non-selective autophagy 9 . Markedly, ethanol did not inhibit long-lived protein degradation, nor did it promote such a degradation in hepatocytes, at either basal level or under starvation (Fig. 2F ). This suggested that ethanol-induced elevation in autophagosomal markers and autophagosomes were not due to the suppression of a general autophagic degradation. On the other hand, the lack of enhanced long-lived protein degradation, coupled with a significant reduction of p62/SQSTM1 (Fig. 1D ), led us to suspect that ethanol might induce mainly a selective autophagy process that targeted to organelles rather than long-lived proteins (see below).
Ethanol induced autophagy via metabolic intermediates, ROS and mTOR inhibition
Most ethanol-mediated effects depend on its metabolism. The first step of ethanol oxidization is catalyzed mainly by alcohol dehydrogenase (ADH), and to a lesser extent, by cytochrome P450 2E1 (CYP2E1) and catalase. Ethanol oxidation results in the generation of ROS, particularly by the later two enzymatic reactions. The production of ROS is considered a major factor in ethanol-induced pathologies 1, 3, 7 . We found that ethanol-induced GFP-LC3 puncta was significantly diminished in the presence of 4-methyl pyrazole (4-MP), an inhibitor of both ADH and CYP2E1, or MnTBAP or N-acetylcysteine (NAC), two antioxidants (Fig. 3A) , indicating that ethanol-induced autophagy required ethanol metabolism and ROS production. To further confirm this requirement, we used HepG2, a human hepatoma cell line that has a very weak capability of metabolizing ethanol, and VL-17A, a cell line derived from HepG2, which over-expresses both ADH and CYP2E1 and efficiently metabolizes ethanol 13 . We found that ethanol treatment significantly increased the number of GFP-LC3 puncta in VL-17A cells, but not in HepG2 cells (Fig. 3B) . This effect could be suppressed by 3-MA (Fig. 3C ), but further enhanced in the presence of lysosomal inhibitors (data not shown). In addition, the levels of endogenous LC3-II and GFP-LC3-II, as well as the level of free GFP moiety, were all increased in VL-17A cells, but not in HepG2 cells (Fig. 3D) . Thus, ethanol-induced autophagy required ethanol metabolism and ROS production in hepatocytes.
The mTOR pathway is a major regulatory pathway suppressing the activation of autophagy. We found that in primary hepatocytes ethanol caused a dose-dependent inhibition of mTOR, as manifested by the reduction of both phosphorylated p70 S6 kinase and 4E-BP1, two major downstream targets of mTOR (Fig. 3E) . Interestingly, the total levels of these molecules were also reduced, perhaps reflecting an outcome of mTOR inhibition in protein synthesis. Suppression of mTOR was also observed in the livers of ethanol-treated mice (data not shown). Notably, the presence of 4-MP or NAC could reverse the inhibition of mTOR by ethanol (Fig. 3F) . Taken together, these findings supported the notion that ethanol could induce autophagy by inhibiting mTOR activity via ROS.
Inhibition of autophagy enhanced ethanol-induced hepatocyte apoptosis and liver injury
Ethanol is able to induce hepatocyte apoptosis and liver injury, which, however, is minor 17, 18, 19 . Autophagy could be a major protective mechanism limiting ethanol toxicity. Indeed, while only about 15% of hepatocytes were apoptotic when treated with ethanol alone, 3-MA co-treatment almost doubled the percentage of cells undergoing apoptosis (Fig.  4A-B ). An even stronger enhancement of apoptosis and caspase activation by 3-MA or by a Beclin 1-specifiic siRNA could be observed in ethanol-treated VL-17A cells (Fig. 4C-F,  S2 ). On the other hand, ethanol did not seem to noticeably promote necrosis in this model, although autophagy could have an independent effect (Fig. S2) .
Furthermore, pretreatment of mice with CQ significantly enhanced ethanol-induced liver injury as measured by blood ALT level, hepatic caspase-3 activity and TUNEL staining (Fig. 5A-B, S3) . To confirm the specificity of CQ-enhanced liver injury related to autophagy, we pretreated mice with a specific siRNA against Atg7, which effectively knocked down the liver Atg7 expression (Fig. 5C ). Subsequent ethanol binge exposure resulted in a reduction in LC3-II level and autophagosome formation (Fig. 5C-D) , enhanced elevation of blood ALT and caspase activation in the liver (Fig. 5E-F) . Overall, while ethanol alone caused about a 3-5-fold increase in blood ALT levels, suppression of autophagy during ethanol treatment led to an additional 3-fold or more increase in blood ALT levels (Fig. 5A, E) , despite that gross parenchymal alterations an cell death were minimal (Figs. S4-S5 ). These findings thus indicated that autophagy played an active role in limiting ethanol-induced cellular injury.
Ethanol-induced autophagy was selective for the mitochondria and lipid droplets
To understand the mechanisms by which autophagy protected against ethanol-induced hepatocyte injury, we examined the nature of the autophagy induced by ethanol. Studies presented above had suggested that ethanol could mainly induce selective autophagy (Fig.  1D, 2F) . We observed by EM that a notable fraction of ethanol-induced autophagosomes in the liver contained mitochondria, which was further increased by pre-treatment with CQ (Fig. 6A) . These mitophagic vesicles were particularly obvious in primary hepatocytes cultured in the presence of ethanol (Fig. 6B) . The engulfed mitochondria seemed to be damaged (Fig. 6A) , and appeared to be much smaller than the nonengulfed mitochondria (Fig. 6B) , suggesting that they could have been fragmented.
In untreated primary hepatocytes infected with adenoviral-GFP-LC3 and loaded with MitoTracker Red (MTR) 20 , there were very few GFP-LC3 punctated structures and the mitochondria exhibited normal spherical morphology (Fig. 6C, panels a-c) . Ethanol treatment greatly increased GFP-LC3 positive punctated structures, and some of them were co-localized with the MTR signals (Fig. 6C ). More importantly, mitochondria engulfed by the GFP-LC3 rings appeared smaller than the nonengulfed mitochondria, implying that they might be fragmented, consistent with the EM analysis (Fig. 6B) . Quantitative analysis indicated that the number of GFP-LC3 puncta colocalized with MTR in ethanol-treated hepatocytes was increased in a dose-dependent manner (Fig. 6D) , and could be further enhanced by the presence of CQ (Fig. 6C, E) . Indeed, flux analysis indicated that both the synthesis and the degradation of the mitochondria-containing autophagosomes were significantly increased by ethanol treatment (Fig. 6A, 6E , Table S1 ). Together these observations indicated that ethanol promoted autophagic degradation of mitochondria, or mitophagy. Furthermore, this process could be suppressed by 4-MP or NAC (Fig. 6F) , supporting the role of ethanol metabolism and ROS in promoting mitophagy.
Another significant feature of ethanol-induced liver pathology is microvesicular steatosis 1, 2, 5 , which is considered pathogenic. By using the lipid-binding compound, Bodipy 581/591-C11 (Fig. 7A) or Bodipy 493/503 (Fig. S6) , we confirmed the accumulation of lipids in the livers of mice given ethanol binge treatment. In addition, GFP-LC3 puncta or ring-like structures were found to colocalize with Bodipy-positive lipid droplets (LDs) (Fig.  7A) , suggesting the activation of lipophagy, or autophagic removal of lipid droplets. While LDs that were completely encircled by GFP-LC3 rings (Pattern I) were rare, LDs that were in contact with one (Pattern II) or more (Pattern III) GFP-LC3 dots were much more common (Fig. 7B ).
To determine whether autophagy was functionally involved in the control of lipid homeostasis in the liver following ethanol treatment, we pre-treated mice with rapamycin and found that this dramatically reduced the number of LDs in the ethanol-treated livers based on Bodipy staining (Fig. 7C-D) and EM analysis (Fig. 7E) , and the microvesicular changes in hepatocytes (Fig. S4) . Conversely, blockage of lysosomal function with CQ significantly increased the number of LDs (Fig. 7C-D) and the histological alterations (Fig.  S4) . As the result, the total hepatic triglyceride levels that were elevated due to ethanol treatment were further increased by CQ pre-treatment, but was greatly reduced by rapamycin pre-treatment (Fig. 7D-c) . We confirmed the specificity of the effects of these pharmacological modulations in terms of autophagy regulation by knocking down Atg7 in the liver. These mice exhibited a greatly reduced number of autophagosomes (Fig. 5E) , a significantly increased number of LDs (Fig. 7F ) and increased microvesicular changes (Fig.  S5) following ethanol binge treatment. Consistent with this, the levels of hepatic triglycerides were significantly increased (Fig. 7F) . These findings indicated that removal of lipid droplets by a selective autophagy process played an important role in mitigating ethanol-induced hepatic steatosis and therefore the injury 2, 5, 8 .
Discussion Acute ethanol treatment activates a selective autophagy process
The present study demonstrates that acute ethanol exposure strongly induced autophagosome synthesis and promoted a selective autophagy process to removed damaged mitochondria and hepatic lipids droplets. The evidence for increased synthesis is based on the increase in the autophagosome number and size, and the positive changes in autophagosomal marker, LC3. The increased level of GFP-LC3 puncta was suppressed by 3-MA, and the formation of LC3-II and the increase in autophagosome number were inhibited by Atg7 siRNA, indicating that these events were induced in response to upstream autophagy signals.
Several lines of evidence also supported that ethanol treatment resulted in increased, rather than decreased, autophagic degradation through the lysosome. Ethanol did not inhibit general autophagy at the basal state or under starvation in hepatocytes (Fig 2F) or in VL-17A cells (Fig. S7) . Ethanol-promoted formation of LC3-II and LC3 puncta, and the generation of autophagosomes were all further enhanced by CQ co-treatment. Although not without its own limitations, flux analysis (Table S1 ) confirmed elevated autophagy degradation in the presence of ethanol based on LC3 puncta, LC3-II formation in the heavy membrane fraction and autophagosome number. Notably, when a more specific set of autophagosomes that were associated with mitochondria was analyzed for this purpose, the ethanol-promoted degradation was even more evident.
This last observation suggested that ethanol could particularly activate autophagy targeting to specific substrates, i.e., a selective autophagy process. Consistently, ethanol did not promote long-lived protein degradation, commonly seen in non-selective general autophagy (Fig. 2F, S7 ). In contrast, ethanol did enhance the degradation of p62/SQSTM1 (Fig. 1D) , a key adaptor molecule associated with selective autophagy 16 . p62/SQSTM1 binds to both LC3 and ubiquitinated autophagic substrates so that they could be taken up by the autophagosome for degradation.
Activation or deactivation of selective autophagy may not affect the degradation of targets of the non-selective autophagy, such as the long-lived proteins 21 . Subcellular organelles are the major targets of selective autophagy 16 , which can be activated in response to the changes in these organelles. Notably, a major target of ethanol toxicity is the mitochondria. Functional and structural alternations of mitochondria have been observed in hepatocytes following acute or chronic ethanol treatment 3, 22 . Damaged mitochondria could trigger, and become targets of, autophagy. Indeed we found that ethanol treatment induced significant autophagic engulfment of damaged and fragmented mitochondria based on both fluorescence and electron microscopy ( Fig. 6) , indicating the activation of mitophagy.
Another subcellular organelle that would be subjective to selective autophagy is lipid droplets, which are significantly elevated in ethanol-treated livers. Autophagy was recently found to be important in controlling lipid accumulation in hepatocytes subject to abnormal lipid metabolism conditions 23 . We demonstrated the existence of selective autophagic removal of lipid droplets (lipophagy), primarily based on the double staining of LC3 and Bodipy (Fig. 7A-B) , the quantification of lipid droplets and hepatic triglyceride levels ( Fig.  7D-F) , and the histological observations of the microvesicular changes in the liver (Figs.  S4-S5 ) under a variety of conditions that modulated autophagy, including pharmacological and molecular interventions. Direct observations of lipid droplets being completely engulfed by classical autophagosomes were infrequent with electron microscopy. This may be due to the fact that the large size of lipid droplets could only allow partial engulfment by the autophagosomes 23 . Indeed, several patterns of autophagosome/lipid droplet interactions could be observed as previously described 23 . The dynamics of the interaction between lipid droplets and autophagosome membranes will certainly be an interesting area to explore in future studies.
Taken together, our studies provide strong evidence that acute ethanol exposure activates a selective autophagy toward damaged mitochondria and accumulated lipids droplets and promoted their degradation through the lysosome.
Ethanol metabolism and ROS are required for ethanol-induced autophagy
It is generally accepted that ethanol metabolism is required for ethanol-induced pathology 1, 2 . We found that ethanol-induced autophagy was dependent on ethanol metabolism as it could be suppressed by 4-MP, an inhibitor of ADH and CYP2E1. Consistently, ethanol-induced autophagy was only observed in VL-17A cells, which are reconstituted with ADH and CYP2E1, but not in the parental HepG2 cells that lack these enzymes and are unable to efficiently metabolize ethanol.
ROS generated by ethanol treatment is a major cause of autophagy induction, as autophagy could be inhibited by the antioxidants NAC and MnTBAP (Fig. 3) . Ethanol-induced ROS may come from a number of sources, among which ethanol oxidation by CYP2E1 is a major one 7 . In addition, oxidation of acetaldehyde in the mitochondria results in increases of NADH and its re-oxidation can also contribute to acute ethanol-induced mitochondrial ROS generation 3 . Furthermore, repeated ethanol binge could result in significant alterations in mitochondrial DNA synthesis, respiration disturbance and ROS generation 22 . It will be informative to further determine the individual importance of these events in autophagy induction in future studies, since they may constitute additional regulatory checkpoints.
Oxidative stress has been associated with the induction of autophagy in other scenarios, in which the mitochondria were suspected of being the source of ROS 24, 25 . How ROS trigger autophagy is not entirely clear. One possibility is that ROS impair the Akt/mTOR pathway 25 . mTOR is a well defined negative regulator of autophagy 26 . Our findings support that acute ethanol exposure induced autophagy via ROS-dependent inhibition of mTOR activity. An earlier study did find that acute ethanol administration inhibited Akt activation 6 . Akt is a major upstream activator of mTOR. Thus reduced Akt activity could lead to a reduced mTOR activity, activating autophagy 26 . Our work, however, does not rule out that ROS can induce autophagy via other mechanisms, which should be explored in the future.
Autophagy could mitigate ethanol-induced hepatotoxicity by removing damaged mitochondria and accumulated fatty acids
Ethanol-induced cell death in vivo is minor, resulting in a modest increase in blood ALT in most models of acute or chronic treatment without obvious gross histological changes unless other susceptibility factors exist (Figs. 5, S4-S5) 2, 4, [17] [18] [19] 27 . Our findings indicated that autophagy establishes an important threshold for ethanol-induced damage because suppressing autophagy significantly increased hepatocyte apoptosis. It seems that functional autophagy in the liver is important to avert the pathological effects of ethanol metabolism and that without this protective mechanism the detrimental effects of alcohol could be significantly amplified. The general molecular mechanisms underlying the pro-survival role of autophagy are not fully understood, but our studies suggest that the autophagy protection during acute ethanol treatment could be mediated by the removal of damaged mitochondria and lipid droplets. Autophagic degradation of mitochondria is well recognized in hepatocytes during nutrient deprivation and glucagon treatment 28 . However, mitophagy may be more likely involved in constraining detrimental effects associated with the damaged mitochondria 28 . A critical benefit of mitophagy is the elimination of an important source of ROS, which is associated with the susceptibility of hepatocytes to cellular injury and death 2, 3, 5, 22, 28 . Thus, it is conceivable that autophagic degradation of damaged mitochondria is a part of the protection mechanism against ethanol toxicity.
Steatosis is a common feature in acute or chronic ethanol treatment 1, 2, 5 . Although reversible upon ethanol withdrawal, hepatocyte steatosis is now considered important for subsequent pathological changes in ALD, such as cell death, inflammation and fibrosis 5, 8 . Our study now demonstrated that autophagy had a great impact on ethanol-induced steatosis. We thus propose that lipophagy is an integral part of the autophagy defense system against ethanol-induced liver injury. A key component of the cellular damage caused by ROS is lipid peroxidation, which can damage cellular membranes and produce lipid derivatives of the radicals, such as 4-hydroxynonenal and malondialdehyde, which in turn can mediate secondary insults to promote more ROS production and inflammation 1, 2, 5, 7, 8 . The level of cellular polyunsaturated fatty acids affects the level of lipid peroxidation and is likely proportional to the level of lipid droplets (containing triglycerides) accumulated in the cell through the equilibrium of hydrolysis of triglycerides and esterification of the free fatty acids with glycerol. Thus, lipophagy may indirectly reduce the level of free fatty acids by removing lipid droplets.
In summary, this study demonstrates that autophagy protects against ethanol-induced hepatocyte apoptosis and liver injury. This protection could be mediated via the removal of damaged mitochondria and accumulated fatty acids, thus concomitantly reducing a major source of ROS and a major target/amplifier of ROS. These findings imply that a proper autophagy capability in the liver may be crucial to reduce the detrimental effects of ethanol consumption and that enhancement of autophagy may be a possible therapeutic strategy to mitigate the pathology associated with alcoholic liver disease.
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